We examined effects of diabetes mellitus (DM) on the pupillary light reflex (PLR). Phasic pupillary response to a single light stimulus (200 ms) (pPLR) and to continuous sinusoidal stimuli with four different frequencies (0.1, 0.3, 0.7, 1.3Hz) (cPLR) were examined in 52 DM patients and 21 control subjects. We asked: does recording and frequency analysis of cPLR together with short time fourier [STFT] analysis of pPLR differentiate better between DM patients and normal subjects than pPLR only?
Abstract
We examined effects of diabetes mellitus (DM) on the pupillary light reflex (PLR). Phasic pupillary response to a single light stimulus (200 ms) (pPLR) and to continuous sinusoidal stimuli with four different frequencies (0.1, 0.3, 0.7, 1.3Hz) (cPLR) were examined in 52 DM patients and 21 control subjects. We asked: does recording and frequency analysis of cPLR together with short time fourier [STFT] analysis of pPLR differentiate better between DM patients and normal subjects than pPLR only?
Initial pupil diameter was significantly decreased in the DM group. For pPLR. maximal contraction velocity (Vmax), Vmax of redilation 1, reflex-amplitude and pPLR latency were significantly reduced in those patients who also showed signs of diabetic autonomic neuropathy (DNP). Tests of dynamic pupillary light reflex (cPLR) revealed that all DM patients had a significantly reduced gain at lower frequencies. Pupil phase lag was greater at 0.1 and 0.3Hz and smaller at 0.7 and 1.3 Hz in the DNP group (p<0.001). Comparison of single pPLR recordings of 5 DNP patients with 5 subjects using short time fast fourier (STFT) analysis revealed a characteristic change from low frequency content in healthy subjects to high frequency content in DNP patients.
Significant changes in the PLR in DM can be found only when symptoms of autonomic neuropathy have been shown. Both sympathetic and the parasympathetic nervous systems are affected by diabetic autonomic neuropathy. Only recording of cPLR , together with STFT of pPLR can identify significant pathological deficits of pupillary control in single cases.
Introduction
Studies of the autonomic nervous system have demonstrated the effect of diabetic neuropathy on heart frequency and regulation of blood pressure to orthostatic changes. As the size and movement of the pupil is relatively easy to record, many studies have tried to evaluate different pupil parameters and link these results with the clinical course of the autonomic neuropathy.
Also, pupillary reactions to light stimulation that were modulated in time were recorded by many previous authors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] They found that in patients with diabetes mellitus the critical flicker fusion frequency was decreased when pupillary reactions to light stimulation are recorded, i.e. the rate of presentation of intermittent, alternate, or discontinuous photic stimuli that just gives rise to a fully uniform and continuous sensation obliterating flicker that permits phase and gain of the actual pupil to be judged.
The aim of our study was to differentiate pupillary response abnormalities in diabetics that are linked to the autonomic nervous system disease from those which are the consequence of the initial condition of the stimulated pupil.
Materials and Methods

Patients
We examined 52 patients with diabetes mellitus (21 females, 31 males, median age 46.7 years, range 19-74 years). Twenty-seven patients had a type I diabetes and 24 a type II diabetes. The average duration of the disease was 9.2 years (range 1-44 years). All patients were regularly examined in the diabetes unit of the Medical University Hospital, Hamburg. None of these patients were taking drugs during the period of the study which were known to influence the pupil or the autonomic nervous system. The control group consisted of 21 healthy subjects (10 females, 11 males, median age 46.2 years, range 17-73 years). The distribution of age and sex were almost identical. Ophthalmological check-up excluded a retinopathy and rubeosis iridis. All participants were informed about the purpose and goal of the study before it started and gave their informed consent.
Technical methods
For pupil recordings we used a compact integrated pupillograph (AMTech Company, Weinheim, Germany). The instrument was focused on the iris with a distance of approximately 5 cm between front lens and iris, where light was excluded by a rubber tube. The direct light reflex of this eye was recorded. The fellow eye fixated a distant target at infinity. The pupillary recording device was positioned directly in front of the eye that was recorded linked through a dark rubber tube. The recording was made in reduced room light (near mesopic conditions). While the case history was recorded and a neurological check-up was performed, the subject's eyes could adapt to the reduced room light. The position and focus was controlled by an electronic viewfinder on the back of the camera (2.5 inch LCD screen).
The phasic light stimulus was generated by a light emitting diode with an intensity of 10,000 cd/m 2 , a duration of 200 msec, and a wave length of 585 nm. The recording of the phasic pupillary light reflex (pPLR) started with the stimulus and was stopped after 2 seconds. The response including calculated dynamics was stored on a PC (Figure 1 ).
The software calculated values for velocities of contraction, of maximal dilation 1 and 2, the initial pupillary diameter, the latency time (between stimulus onset and start of contraction, determined by linear curve fits), and the time to peak meiosis given by the point of maximal contraction. The velocity of dilation 1 showed the maximum steepness of the response curve within the interval of the lower 20% and the upper 80% of the final diameter, and the velocity of dilation 2 between the lower 35% and the upper 95% of the final pupil diameter. For each eye, we evaluated at least 3 artifact free measurements. Velocity of dilation 1 reflects the general difference between parasympathetic and sympathetic influences on the pupil, whereas velocity of dilation 2 is believed to reflect solely the sympathetic influence on pupil dilation, Besides the pupillary recordings, other typical autonomic variables were checked: heart rate during in-and expiration, the changes in blood pressure and heart frequency when standing up after a lying position. Vibration, touch and pain were tested in the distal extremities for subjective decreases in sensation, suggestive of neuropathy.
After a short break, the dynamic pupillary reflex (cPLR) was recorded for the frequencies 0.1, 0.3, 0.7 and 1.3 Hz. As lid movements were often interfering, especially with the lowest frequency, we recorded at least 3 samples of each frequency. The highest intensity of these sinusoidal stimuli was again 10,000 cd/m 2 , the lowest 1,000 cd/m 2 . To improve the differentiation between patients with two signs of diabetic neuropathy (n=23), (i.e. two out of three parameters: heart rate, decrease of distal sensation, change in blood pressure) and other patients with no such signs (n=29) we compared this subgroup with the normal group which showed a lower age (median age of the PNP group 59.7±10.1 vs. 46.2±14.5 control). The fraction of meiosis with the initial pupil diameter that was due to the age of the patient would be accounted for by the addition of 0.04 mm per year to the recorded initial pupil diameter. This reflects the average decrease of pupil diameter per year of life (2.5); so we used an age corrected initial pupil diameter (ACPD).
Since there were no reliable data for the other parameters of the pupillary light reflex, we could not use the same procedure for these dynamical values which would have been more appropriate with respect to the final evaluation of our findings. The dynamic pupil data were first analyzed using a fast fourier analysis (FFT; Autosignal 1.52) and than statistically evaluated. Data analysis was performed with the "Statistika" program; we used Student's ttest for group comparisons, or in case there was no normal distribution, we used the Mann-Whitney rank sum test. For the calculation of correlations we used the Pearson product moment value.
Additionally, we analyzed the pPLR of 5 DM patients with signs of autonomic neuropathy applying short time fourier transformation analysis (STFT) (program auto-signal.1.52) and compared these with the pPLR of 5 normal subjects using the Mann-Whitney rank sum test.
Results
The initial pupil diameter was the only parameter significantly decreased in the diabetic patients: 4.85±0.97 mm versus 5.38±0.87 mm (p<0.005) ( Table 1 and Figure 2 ). It is important to note that because of the age factor leading to smaller pupils for over 60 years of age the discrimination between diabetics and normal subjects by pupil size becomes less evident, but is still significant with p<0.02.
All other parameters showed no statistical difference to the control group. The subgroup of patients with diabetes mellitus who showed at least two other signs of diabetic neuropathy showed an even more significant difference with respect to the pupil diameter: 4.63±0.69 mm (p<0.001) ( Table 1) .
Also, in this group the phasic PLR dynamics were reduced: the maximum contraction velocity was 3.44±1.28 mm/sec versus 4.42±0.93 mm/sec (p<0.01), the first velocity of dilation was also decreased with 0.99±0.26 mm/sec When normalized to the decreased initial pupil diameter as a sign of the different initial conditions of the pupil compared to the normal pupil, the relative reflex amplitude as the percentual amplitude of the initial pupil diameter did not show significant differences in any group: 31.2±8.59% (all patients) versus 30.6±9.09% (patients with DNP) versus 29.1±7.64% (control group). From this fact it is obvious that in patients with DM any pupil of a given diameter shows in many respects similar dynamics to a normal pupil. For the complete DM group, this is reflected in the values of the relative dynamics: contraction velocity (%): 83.6±27.8 in the diabetes group versus 84.2±21.4 in the control group; velocity of dilation 1 (%): 24.2±6.33 in the patient group versus 24.3±5.13 in the control group; velocity of dilation 2 (%): 9.8±4.25 in the patient group versus 9.91±3.71 in the control group. For the DNP group, however, the relative contraction velocity was significantly decreased: 76.5% versus 85.4 % as well as the relative dilation velocity 1. We found a highly significant correlation between the amplitude of the pPLR and the initial pupil diameter (r = 0.50, p<0.001). Also, we found significantly positive correlations between the single velocity parameters checked and also between the velocity parameters and the initial pupil diameter (r = 0.5, p<0.01). These correlations were found within all groups. The latency did not show a very significant correlation with the initial pupil diameter or the velocities (p<0.04), neither in the diabetes group nor in the control group. The initial pupil diameter showed an inverse correlation with age (p<0.001).
After a short break, the dynamic pupillary reflex was recorded for the frequencies 0.1, 0.3, 0.7 and 1.3 Hz. (Tables 2 and 3 ).
In the DNP patients' group, who showed at least two clinical signs of neuropathy, the pupil gain was highly significantly diminished, especially for lower frequencies, whereas in the overall group only for lower frequencies were some differences found.
The pupil phase of the patients varied with respect to the control group. For the lower frequencies of 0.1 and 0.3 Hz in the DNP patients we found a highly significant phase lead. This showed up only as a tendency within the group of all patients. For higher frequencies of 0.7 and 1.3 Hz we found a significant phase lag, especially in the DNP patients. Our comparison of the frequency distribution over time using short time fourier transformation analysis (STFT) showed the abnormal decrease in low frequency variability in DM patients' phasic pupillary reflex as seen in Figure 3 and the increase in higher frequency content, probably due to greater stiffness of the iris muscle for both biomechanical and neural control reasons.
The time-frequency spectrum could be plotted in a variety of formats. The most useful options for these spectra were the dB formats for visualization. We have used contour plots of normalized decibels: Re is the real component of the continuous wave transformation at a given time and frequency, Im is the imaginary component, n is the data set size: dB. decibels. 10.0*log10(Re*Re+Im*Im), normalized to 0 for time-frequency node with maxi- 
mm per year to the recorded initial pupil diameter. This reflects the average decrease of pupil diameter per year of life; so we used an age corrected initial pupil diameter (ACPD).
It is important to note that because of the age factor leading to smaller pupils over 60 years of age the discrimination between diabetics and normal subjects by pupil size becomes less evident, but is still significant with p<0.02.
Age (years)
Diameter (mm) mum power. In conjunction with the Spectrum there are 24 contour types; this means that a different color will be used for each 1dB delta in the spectrum, with light cyan at the low end and dark red at the high end.
Summary of results
All DM patients showed the following group differences compared to healthy subjects: • pupil diameter highly significantly smaller in DM patients • cPLR gain for low frequencies lower only in DNP patients, but not so in all DM patients • cPLR phase lag, for low phase lead for high frequency in all DM patients DM patients with neuropathy [DNP] showed additional differences: • pPLR Vmax contraction significantly smaller in DNP • pPLR contraction amplitude smaller in DNP • pPLR Vmax dilation 1 smaller in DNP • pPLR larger amount of high frequency content during contraction (short time FFT) in DNP • cPLR for low frequencies phase lag, for high frequencies phase lead in DNP • cPLR gain for low frequencies phase lag, for high frequencies phase lead in DNP Table 4 summarizes the significancy of all recorded variables that discriminate DM patients from the normal group; three out of seven parameters (pupil diameter, gain and phase) distinguish all DM patients from healthy subjects. Therefore, the cPLR appears to be very important for this differentiation.
DNP patients with an additional two signs of neuropathy are discriminated from the rest with very high significancy through all seven parameters. This means that the application of both the cPLR and the pPLR is the favorable combined measurement to distinguish especially the DM patients with vegetative neuropathy.
The following case exemplifies our main findings ( Figure 4B ) and demonstrates a typical location of mesoencephalic and pontine lacunes ( Figure 4A ) due to a diabetic microangiopathy. This is not very frequently found as Keane and others have stated before; 11 however, if present, 10, 12 it is a sign of a high level pupillary control deficit as opposed to the more peripheral factors (see Discussion).
Discussion
One expected result of our study was the decreased initial pupil size in the diabetes group, in particular in those patients with additional signs of autonomic neuropathy. This is in agreement with other studies which have analyzed the phasic pupillary light reflex in diabetic patients. [13] [14] [15] To what extent did dynamic parameters of the pPLR depend on this decreased initial pupil size?
The pPLR amplitude, as well as the velocities of contraction and dilation 1 and 2, were decreased in our study in the overall group of patients, and in particular in the subgroup which included at least two signs of autonomic neuropathy. However, this difference could not be found in patients with no signs of autonomic neuropathy after normalizing these values with respect to the initial relative pupil size. We conclude that only high resolution short time FFT may permit a better insight into the changes in individual pupil dynamics due to DM (Figure 3) , whereas the time functions permit this only in DM patients with neuropathy. In this respect, we were not able to confirm exactly the values of contraction and velocities that have been reported by Straub et al. 16 This was probably due to the fact that Straub et al. measured their contraction velocity during one second and not at the peak of the contraction velocity.
Latencies, gain and phase
Niakan et al., 17 Pfeiffer et al. 11 and Lanting et al. 18, 19 reported that the latencies of the pPLR in patients with diabetes mellitus were significantly increased; they concluded that the increased latencies were an early sign of neuropathy. In our study, similar to the studies by Hreidarrson et al. 14 and Gliem et al., 9 we demonstrated that pPLR latencies were 4, [18] [19] [20] the visual evoked potential latencies were in the majority of patients within a normal range. Lanting et al. concluded that in DM patients the increased pPLR latencies primarily reflect an efferent pupillary defect and prolongation of the pPLR latency would be largely caused by autonomic dysfunction.
In the normal pupil, the range of light levels that reach the retina at different frequencies reduce the phase lag and the equivalent latency of the according pupil responses. This latency is independent of target distance and pupil size. 9, 21 When pupillary responses are classified by the size of the response, rather than by the size of the stimulus, the latencies of the larger responses to light stimuli are shorter than those of the smaller responses ( Figure 5 ). Exceptions occur, when initial pupil size is small, which restrict the size of the response. 9 From the "pupil size effect" we know that a signal dependent on the static pupil size regulates the gains of the parallel phasic and tonic pathways, the former being responsive to transient changes of light. The presumptive locus of this mechanism or regulator function likely resides near the Westphal Edinger (WE) nucleus.
9,11
The pupil gain was highly significantly diminished, mainly for lower frequencies, in the DNP patient group who showed at least two clinical signs of neuropathy, but not so in the overall patient group. This is probably a sign of the decreased dynamic flexibility of the pupil in diabetic patients with neuropathy due not only to the less flexible, diminished neural input but also due to the changes in structural anatomical muscle dynamics known to take place in diabetic patients after some time, especially when there is also a neuropathy. 11, 12, 15 The pupil phase of the patients varied with respect to the control group. For the lower frequencies of 0.1 and 0.3 Hz in the DNP patients, we found a highly significant phase lead that was only a tendency within the group of all patients. For higher frequencies of 0.7 and 1.3 Hz, however, we found a significant phase lag, especially in the DNP patients as compared to normal subjects.
The phase lead for lower frequencies could be due to long-term adaptation to the neuropathy and might be generated by cerebellar 14 control of the pupil. Similarly, the phase lag for higher frequencies might be due to different cerebellar modulation of the midbrain dynamic pupil reflex that may show a different control characteristic of the midbrain centers, ncl. Westphal Edinger [WE] by the cerebellum, 22 or by the olivary pretectal nucleus. 4, 23 Our comparison of the frequency distribution over time using short time fourier transformation analysis (STFT) showed the abnormal decrease of low frequency variability in DM patients' phasic pupillary reflex and a significantly larger amount of high frequency content during both pPLR phases, contraction and dilation, probably due to greater stiffness of the iris muscle for both biomechanical and neural control reasons. This might be an analogy to the abnormal cardiac frequency-stability in these patients that is due to a lack of flexibility of the central autonomic innervation.
Specifics of pupil innervation
The innervation of the pupil is dominated by the parasympathetic innervation as compared to the sympathetic innervation. The relatively weak muscle which is embedded in the iris stroma represents the pupillary dilator. Therefore, the PLR is dominated by the sphincter muscle, which receives predominantly parasympathetic input. However, the central sympathetic inhibition of the neural activity at the level of the WE nucleus might also play a major role in the control of the pupil response.
The hypothesis that the sympathetic innervation may be the main factor of change in diabetic neuropathy and the change in PLR appears to be at least problematic. 4, 6, 11, 23 However, pharmacological studies have demonstrated that, especially in diabetes patients, there is a hypersensitivity to direct sympathicomimetics, which is probably due to earlier denervation of sympathetic fibers. 24, 25 Of course, these pharmacological studies are problematic as it is very difficult to quantify the influence of different permeabilities of the corneas.
Another factor may be, as Fujii et al. 25 have demonstrated, that morphological changes occur more frequently in patients with diabetes mellitus at the musculus dilatator pupillae than in the musculus sphincter pupillae. 10 However, the studies by Hreidarsson et al. 12 and Barron et al. 3 have shown that a reduced elasticity of the pupil may not be the main factor for the above results. In general, the direct influence of the sympathetic innervation of the pupil in the diabetic autonomic neuropathy has been demonstrated very well in many studies of the cardiovascular systems. 3, 18, [26] [27] [28] [29] Although it is interesting to look at the two different parts of the velocities of the dilation phase of the pPLR, it has to be noted that these values show a large standard deviation both in our group of diabetic patients and in the control group. Therefore, an exact differentiation of the parasympathetic and the sympathetic deficits in cases of diabetic neuropathy using these two parameters is quite difficult and, for the above noted reasons, often questionable. 8, 11, 15, 23 The firing rate of the pupilloconstrictor neurones in the WE nucleus is high in the absence of external influences 28 and pupil size may be small. A decrease in central inhibition with age is regarded to be the mechanism behind the well known age-related decrease in pupil size, especially in darkness. 11, 30 Here, the inhibitory inputs to the WE nucleus (e.g. from the olivary pretectal nucleus 23 ) are presumed to become less effective with age. The question arises as to which factor might probably contribute most to our main finding, the decreased initial pupil size after dark adaptation in the diabetes group. Is it the peripheral change of the iris muscle plus the effect of the vegetative neuropathy? Or is it the centrally increased sympathetic inhibition of the WE nucleus innervation due to microvascular brain stem deficits in DM? This would be at least as likely as the former hypothesis since in DM patients microinfarcts which include the ponto-mesencephalic region of the 3rd nucleus and the WE nucleus 31 occur relatively often, as shown in our case example ( Figure  4 ). In conclusion, our study has demonstrated that a significantly decreased pupil diameter is an early sign of autonomic neuropathy. Additional deficits of the PLR are often to be found in cases where other symptoms of autonomic neuropathies occur. As far as these changes reflect changes in pupil dynamics they are related to the initial pupillary diameter. From our results, we conclude that in those DM patients a vegetative neuropathy is present where the pPLR shows deficits of maximum contraction and dilation 1 velocity, where the change of the course of frequency content in the FFT and where cPLR gain and phase changes are present. However, it has to be accompanied by other signs of autonomic neuropathy in order to evaluate the final diagnosis and describe the course of autonomic neuropathy. Only together with continuously modulated light stimulation of the pupil as shown by Hultborn et al. 22 and Myers et al. 21 can the early diagnosis of autonomic neuropathy be confirmed. Probably, both the sympathetic and the parasympathetic nervous system are affected by diabetic autonomic neuropathy, which likely also includes central, ponto-mesencephalic changes, although the pPLR differentiates in general between DM patients and healthy subjects; only the recording of cPLR, together with the STFT of the pPLR, allows significant deficits of pupillary control to be identified more clearly in single cases. The fact that the combination of pPLR and cPLR measurements which reflect afferent and efferent deficits that may occur in DM patients so efficiently differentiates between pathological and healthy cases appears to be an advantage for the differentiation of single cases of diabetes mellitus.
